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Abstract

As climate change alters global fire regimes, fire and forest managers must prioritize
management actions that simultaneously protect sensitive resources and allow fire to maintain its
ecological role. Over the last twenty years, this task has become more difficult, as increased fire
severity and season length have caused suppression costs to rise from 16 to 52% of the USFS
annual budget, limiting funding for other agency projects (USFS 2015). Further, climate change
is expected to be cause increased fire frequency, severity, and area burned, exacerbating
budgetary uncertainty and highlighting the need to prioritize management actions and ensure
funds are used efficiently.

Whitebark pine (Pinus albicaulis) is a widely distributed subalpine and treeline species of
management concern in the western U.S that relies on high severity burns to create early
seral communities that favor its regeneration, but wildfire may also kill mature whitebark pine in

absence of protective actions to prevent mortality. Management using wildland fire, or mid- to
high-severity prescribed burns therefore prioritize regeneration opportunities over mature tree
persistence. However, empirical analyses demonstrating the relative importance of regeneration
vs. mature trees to population growth are lacking. Additionally, reductions in fire return interval,
which are predicted to occur as the climate warms (from >120 to <30 years in the GYE),
increase the risk of population extinction. We do not yet understand the impact of these novel
fire regimes on whitebark pine population extinction risk and population dynamics.

We created a stochastic stage-based projection model to investigate the effect of decreasing
fire return intervals on the probability of extinction and time to extinction of a whitebark pine
population. This projection model relies on demographic data collected intermittently from 1990
to 2017 from whitebark pine communities recovering from the 1988 Yellowstone fires and
contiguous unburned locations, and values obtained from the literature. We projected whitebark
pine population size 500 years into the future 10,000 times considering the effects of fire return
intervals decreasing from > 200 years to < 30 years by 2100. We used these projected population
sizes to estimate population density at each time step, probability of population extinction,
average time to population extinction, and the stochastic growth rate. We also estimated the
contribution of each survival and transition rate to the overall population growth (i.e., stochastic
elasticity) to determine whether protecting mature trees or promoting regeneration would benefit
whitebark pine population growth as fire regimes change.

As originally proposed, the model structure does not sufficiently describe whitebark pine
population dynamics, and results in unrealistically high population densities (maximum
projected density over 10,000 iterations = 6.79¢+89 trees/ m?). We estimated stochastic lambda
to be 1.12, or 12% growth per year. The original proposal and literature lack an understanding of
the specific nature and timing of density-dependent factors that restrict whitebark recruitment
and growth in successional communities, but the 1990 to 2017 post-fire dataset may provide
insight into these effects in the developing community. In light of our initial results, we are
expanding the model to incorporate density-dependent effects including the effects of canopy
closure on germination and seedling survival, variation in seed dispersal rates as seed production
fluctuates, the relationship between cone production and predispersal cone predation, and the
increase in post-dispersal seed predation with time since fire. To begin, we incorporated the
effects of canopy closure on germination and cone crop size on seed dispersal. Management
recommendations will be made when the final model incorporating density-dependent effects is
completed.



Objectives

Objective 1: Estimate cone crop size and seed survival rates. Cone crop data allows
estimation of survival probability of cones persisting on a tree until dispersal begins; the major
factors in declining cone numbers are squirrel predation and pre-dispersal foraging by
nutcrackers. This transition probability is one of the few in the whitebark pine life cycle that still
requires estimation. This vital rate was to be incorporated into the stage-specific projection
matrix model to estimate life stage elasticities and extinction risk.

This objective was not achieved because cone production during the funded field season was
nearly zero, which precluded our ability to estimate cone and seed survival rates. We instead
used annual cone production data obtained from the IGBST (Haroldson 2017), which has
collected these data from around the GYE since 1980 from permanent transects. Although these
data were not collected from our study locations, they represent a general average for the
ecosystem.

We estimated predispersal predation rates using information from McKinney and Tomback
(2007), who estimated the proportion of cones removed from trees by seed predators, including
red squirrels, as a function of cone availability. Although these estimates are not specific to the
GYE, they are the only empirical estimates of cone survival in the literature.

Objective 2: Create a stochastic stage-based projection matrix to estimate life-stage
elasticities based on current fire regimes and determine the impact of decreasing fire return
intervals on extinction risk and elasticities. A stage-based projection matrix model for whitebark
pine will be developed and used for subsequent analyses. Stage-based projection matrix models
are commonly used for elasticity analyses that have helped identify appropriate management
actions in other species (Crowder et al. 1994, Crooks et al. 1998). Estimating the effect of
climate-altered fire regimes on extinction risk and sensitive life stages will allow managers to
prioritize management strategies that favor life stages with the greatest influence on population
growth rates, and project how changes to the fire regime will perturb population dynamics.

Objective 3: Suggest fire management strategies that prioritize whitebark pine life stages
with the largest effect on population growth rates (i.e., highest elasticities) to minimize extinction
risk resulting from future fire regimes. Model results will be interpreted to devise realistic
restoration and management goals that will enable managers to maintain whitebark pine
populations.

Although objective 2 was successfully implemented, results indicate that the model
structure originally proposed to JFSP was insufficient to capture the population dynamics of
whitebark pine in the GYE. We are taking steps towards improving the model structure to
provide concrete management recommendations.

Background

Climate change is expected to drastically alter the timing, frequency, intensity, and spatial
extent of disturbances (Dale et al. 2001, Lenihan et al. 2008, Donato et al. 2009, Westerling et al.
2011, Westerling 2016). Temperate coniferous forests in the Northern Rocky Mountains of the
United States, which are adapted to stand replacing fires, are experiencing higher temperatures,
drier summers, reduced winter precipitation, and earlier snowmelt (Westerling et al. 2006,
Donato et al. 2009, Dennison et al. 2014, Millar and Stephenson 2015, Harvey et al. 2016, Kemp
et al. 2016, Rother and Veblen 2016, Westerling 2016, Stevens-Rumann et al. 2017). As a result,
fire regimes in the Northern Rockies have changed substantially in the last quarter century, and



changes are expected to continue as climate change progresses (Westerling et al. 2006,
Abatzoglou and Williams 2016, Westerling 2016). By the late 215 century, fire rotation time is
projected to decrease from > 100 years to < 30 years, and annual area burned is expected to
increase to more than 100,000 ha annually by 2050 (Westerling et al. 2011). These novel fire
regimes, in conjunction with climate-induced changes to demographic processes, are
hypothesized to result in “interval squeeze” and increase the likelihood of population extirpation
and/or extinction, and ecosystem state changes (e.g., transition from forest to grassland; Enright
et al. 2015).

The chances of extirpation are expected to be particularly pronounced for slow growing
species that require decades to reach reproductive maturity (Westerling et al. 2011, Enright et al.
2015), but direct studies of these processes are difficult because of long generation times. In
these cases, models are useful for understanding potential outcomes of different hypotheses.
Further, although independent studies suggest associations among water stress, distance to seed
source and recruitment, and between fire regime shifts and altered demographic processes, we
are not aware of any study that investigates the effects of altered fire on extinction probability.
We created a stage-based projection model to assess how changing fire regimes might influence
the probability of extinction and time to extinction using a long-lived species of management
concern.

Whitebark pine (Pinus albicaulis), which is widely distributed throughout subalpine and
treeline forest zones of the western United States, acts as a foundation and keystone species by
defining ecosystem structure and fostering biodiversity (Tomback et al. 2001a, Ellison et al.
2005, Tomback and Achuff 2010). However, this iconic species is at risk and currently under
evaluation for listing under the Endangered Species Act (USFWS 2011). The key causes cited
for declines include widespread damage and mortality from an invasive fungal pathogen
(Cronartium ribicola) that causes white pine blister rust, and large-scale outbreaks of mountain
pine beetle (Dendroctonas ponderosae ;Tomback et al. 2001a, Kendall and Keane 2001,
Tomback and Achuff 2010, Schwandt et al. 2010). Whitebark pine is a long-lived (up to 1200
years; Perkins and Swetnam 1996) species that first reaches reproductive maturity at 30 years, in
contrast to its common conspecifics lodgepole pine (Pinus contorta), Engelmann spruce (Picea
engelmannii), and subalpine fir (4bies lasiocarpa), which can produce seed cones at fewer than
10, 15, and 20 years of age, respectively (Lotan and Perry 1983, Alexander and Shepperd 1984,
Alexander et al. 1984). The natural history of successional whitebark pine communities is
integrally tied to fire; whitebark pine is a pioneer species that regenerates quickly after fire
because its seeds are dispersed long distances by its avian seed disperser, Clark’s nutcracker
(Nucifraga columbiana). Furthermore, whitebark pine seedlings tolerate harsh seedbeds and
conditions better than competitors (Tomback 1982, 2005,McCaughey and Tomback 2001,
Lorenz et al. 2011). On productive sites in its Rocky Mountain range, whitebark pine relies on
fire to open sites for seed dispersal and regeneration, slow succession, and reduce the density of
faster-growing, shade-tolerant conifers that would replace whitebark pine in absence of fire
(Arno 1980, Arno and Hoff 1989).

As fire regimes change, the infrequent high severity burns that promote whitebark pine
regeneration and postpone successional advance will transition to more frequent high severity
burns, potentially threatening the persistence of this foundation species. Fire managers must
prioritize management actions that simultaneously protect sensitive resources and allow fire to
maintain its ecological role. Over the last twenty years, this task has become more difficult, as
increased fire severity and season length have caused suppression costs to rise (USFS 2015).



However, guidance to protect certain populations can be written into National Forest Plans, if a
management strategy has been devised. Climate change is expected to lead to increased fire
frequency, severity, and area burned, exacerbating budgetary uncertainty and highlighting the
need to prioritize management actions and ensure funds are used efficiently.

To understand the impact of novel fire regimes on whitebark pine extinction risk and
population dynamics, we created a population projection model of a whitebark pine population to
estimate the probability of and time to population extinction, and to identify the life stages with
the greatest impact on population growth and extinction risk at current and predicted future fire
return intervals. This stochastic stage-based projection model relies on demographic data
collected intermittently from 1990 to 2017 (Tomback et al. unpublished data) from whitebark
pine communities recovering from the 1988 Yellowstone fires and unburned locations in the
Greater Yellowstone Ecosystem (GYE), an ecosystem where the effects of climate on fire have
been well-investigated (e.g., Westerling et al. 2011, Westerling 2016). We projected whitebark
pine population size 500 years into the future to determine how the effects of decreasing fire
return intervals will influence the probability of extinction and time to extinction.

Although we acknowledge that the impacts of both white pine blister rust and mountain pine
beetle outbreaks on whitebark pine populations have been, and will continue to be, substantial,
here we focus on determining the effects of decreased fire return intervals on vital rates. We
intend that this modeling effort will provide clear guidance about population responses and
provide strategies for mitigating potential negative consequences of altered fire regimes.

Materials and methods

Demographic projection models are a useful tool for “projecting” population sizes forward in
time to estimate population growth rates based on empirically estimated survival probabilities.
These models can be extended to stage- or age-structured populations. We apply this modeling
framework to investigate the effects of climate-caused decreases in fire return intervals on a 38.6
square mile (10,000 ha) whitebark pine population, incorporating annual stochasticity into
demographic processes to account for variability in demographic rates. We consider the
whitebark pine life cycle to be comprised of six distinct life stages.

Whitebark pine life cycle

We define the whitebark pine life-cycle as a six life-stage process comprised of first year
seeds (SEED1), second year seeds (SEED?), first year seedlings (SD1), seedlings (SD), saplings
(SAP), and mature adults (MA; Figure 1).

First-year seeds (SEED1)

We divide the seed stage into two distinct life stages because whitebark pine forms a
persistent soil seedbank; germination often occurs after one to several years in the soil (Tomback
et al. 2001b, Tillman-Sutela et al. 2008). We considered first year seeds to be newly dispersed
from mature trees and have been in the soil for less than one year. We assume that the fate of
first-year seeds is to either 1) persist as a component of the soil seed bank (i.e., the probability of
the SEEDI1 stage transitioning to the SEED2 stage; tseepi-seep2), germinate (i.e., probability of
transitioning from the SEEDI stage to the SD stage; tseepi-sp), or 3) die. Seed mortality includes
inviable and moldy seeds, and seed pilferage by granivorous rodents (Pansing et al. 2017).
Persistence in the SEED1 stage was assumed to be zero as all seeds remaining in the soil seed
bank transition to the SEED?2 stage. Estimates of the probability of seed survival (¢seepi-seep2)
and germination (¢szepi-sp) were obtained using data from Pansing et al. (2017).
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Figure 1: Life cycle of whitebark pine showing life stages used to create the stochastic projection models. Arrows represent
the progression through the life cycle. tseepi: persistence of dispersed seeds in the soil seedbank; tseepi-spi: germination of first
vear seeds; tspi, successful transition of first year seedlings to the seedling life stage, ssp, survival of seedlings that remain in the
seedling stage; tspi, successful transition of seedlings to the sapling life stage, ssap, survival of saplings that remain in the sapling
stage; tsap, successful transition of saplings into the mature life stage; sma, survival of mature trees; f(t) describes the time
dependent function that determines the number of seeds cached each year.

Second-year seeds (SEED2)

We differentiate the two seed stages because the probability of seed germination differs
substantially from the first to second year in the seed bank (Tomback et al. 2001b, Pansing et al.
2017). To simplify this model, we assume second-year seeds either 1) germinate (¢sz£p2-sp) or 2)
die, reflecting the assumption that seeds can persist in the soil seed bank for a maximum of 2
years (i.e., all seed germination occurs during the first two years). The germination probability of
second year seeds was estimated using data from Pansing et al. (2017).

First year seedlings (SD1)

Seed germination usually occurs as a result of snowmelt or rain during late spring and
summer months (Tomback et al. 2001b, McCaughey et al. 1994). First year seedlings are
recently germinated, usually with no adult foliage (five-needle fascicles) and have not yet
experienced winter. We considered first-year seedlings distinct from other seedlings because
survival rates decrease substantially after the first winter (Pansing, personal observation). First-
year seedlings could either 1) survive and transition to the seedling stage (¢spi-sp), or 2) die.
Therefore, survival and persistence in the SD stage is assumed to be zero. We estimated the
survival probability of first-year seedlings using data from Pansing et al. (2017).

Seedlings (SD)

We designated seedlings as individuals one year of age until the average age that trees reach
DBH height (diameter at breast height, or 1.37 m). On average, whitebark pine in post-fire areas
reach 1.37 m in height at 29 years of age (Tomback et al. 1993), and we therefore assigned the
seedling class to be from age 1-29 years of age. Seedlings could either 1) survive and persist in
the seedling stage (Ssp), 2) survive and transition to the sapling stage (zspi-s4p), or 3) die.
Survival probabilities were estimated using data obtained from post-fire plots established in 1990
by Diana Tomback in areas affected by the 1988 Yellowstone Fires (see Tomback et al. 2001b
for detailed methods). Tomback and colleagues thoroughly surveyed plots in 1990-1992, 1994,
1995, 2001, and 2016/2017 and followed individual whitebark pine trees through time, allowing
us to estimate annual survival of whitebark pine seedlings (Pansing et al. in prep).

Saplings (SAP)




Saplings, as defined here, represent the life stage between trees reaching 1.37 m in height
until the time trees first produce seed cones. In whitebark pine, reproductive maturity occurs
between 30 and 50 years (McCaughey and Tomback 2001), although large cone crops are not
generally produced until sufficient canopy development at 60-80 years of age. We therefore
defined saplings as trees aged from 29 to 40 years (the average age of reproductive maturity).
We have not found empirically derived survival probabilities of whitebark pine saplings, and
trees in the Yellowstone fire plots are not old enough to estimate survival probabilities.
Therefore, we rely on the constant survival rate used by Ettl and Cottone (2004) and Field et al.
(2012) when modeling whitebark pine populations. Possible outcomes for saplings in each year
were 1) survive and persist in the sapling stage (Ss4p), 2) survive and transition to the mature
stage (¢sap-ma), or 3) die.

Mature (MA)

Because cone production generally begins in whitebark pine between 30 and 50 years of age
(McCaughey & Tomback 2001), we assume trees become reproductively mature (MA stage) at
40 years of age. We assume constant 1% annual mortality for this life stage. Although empirical
support for this figure is lacking, and whitebark pines can live past 50 years of age,
approximately the time span of interest in this modeling effort. Further, we are not interested in
the impact of pests and pathogens on population dynamics and instead focus on the demographic
consequences decreasing fire return intervals. Mature trees could either 1) survive and persist in
the same life stage (Smu), or 2) die.

Survival and Transition Rates

We have empirically derived estimates of survival probabilities for the SD stage (i.e., ssp,
persistence in the seedling stage), and transition probabilities for the SEED1, SEED2, and SD
stages (i.e., tseepi-SEED2, persistence of first year seeds in the soil seed bank; ¢seepi-sp, germination
of first year seeds; tseep2-sp, germination of second year seeds; tsp-sps, survival of newly
germinated individuals that enter the seedling stage; Tomback et al. 2001, Pansing et al. 2017,
Pansing et al. in prep). The remaining survival and transition probabilities are estimated using the
following equations from Field et al. (2012):

1 , (1)
si=11 R Si, i =5D1,SAP,MA
i
where s; and # represent survival and transition probabilities, respectively, and R; represents
1 (2)

tk=R—*si, k =SD1 —SAP,SAP — MA
l

the life stage specific residence time (i.e., time an individual persists in any given life stage).
These residence times are described in the section titled “Whitebark pine life cycle”, where life
stage characteristics are described. Note that, as defined, the survivorship probability is
contained within the transition probability (i.e., # includes the probability that an individual
survives and transitions to life stage i +/, Field et al. 2012).

Fecundity

Whitebark pine has an uncommon recruitment process, and we treat fecundity as a
combination of seed production and successful dispersal. Whitebark pine is a masting species,
characterized by synchronous and episodic cone production (Kelly and Sork 2002, Crone et al.
2011). Large cone crops generally occur approximately every 3-5 years (Krugman and Jenkinson
1974). Whitebark pine cones are indehiscent—unlike many conifers their cone scales do not
open and seeds cannot escape the cone without assistance. Seed dispersal is primarily
accomplished by the Clark’s nutcracker (Nucifraga columbiana). In late summer and fall, birds



remove cone scales to access seeds and disperse them in caches (clusters of seeds buried beneath
several centimenters of substrate) across the landscape (Tomback 1978, 1982, Hutchins and
Lanner 1982). The number of cones available is largely limited by pre-dispersal cone predation
by red squirrels (Tamasciurius hudsoniscus; McKinney and Tomback 2007). Nutcrackers
disperse seeds up to 32 km from the parent tree and distribute seeds in caches comprised of 1-15
seeds (Tomback 1978, 1982, Hutchins and Lanner 1982, Lorenz et al. 2011). Nutcrackers will
return to these caches to consume seeds from winter through spring (Tomback 1978, 1982,
Hutchins and Lanner 1982). Those seeds that are not recovered by nutcrackers and survive in
cache sites may contribute to forest recruitment (Tomback 1982, Pansing et al. 2017).

For our model, only mature trees can produce cones and contribute to the next generation of
individuals. We describe cone production as a cosine function with a periodicity of 4 years and
normally distributed error to incorporate the masting process and periodicity of cone production
in the model. We use a cosine function because whitebark pine is a masting species,
characterized by synchronous and episodic cone production.

cones
—125cos(1.5t) + 14 +¢, e€~N(0,35),t=1,..m 3)

No.
tree

where 7 is the projection year. The equation was parameratized using the annual average
number of cones per tree at transects across the Greater Yellowstone Ecosystem from 1980 to
2016 (Haroldson 2017). For any model iteration, values lower than zero were set to zero to avoid
biologically impossible outcomes.

Dispersal

Because red squirrels (7Tamiasciurus hudsoniscus) harvest a substantial portion of cones
(often greater than 80%) prior to and concurrent with seed dispersal by nutcrackers (McKinney
and Tomback 2007), we assume that only 20% of the original cones are available to nutcrackers
to cache. We assume that there are 45 viable seeds per cone, that 3 seeds are placed in each
nutcracker cache, and that 45% of the caches are not retrieved by nutcrackers (Tomback 1978,
1982, Hutchins and Lanner 1982). These assumptions provide us with an estimate of the number
of caches that result from the reproductive output of one mature tree:

caches 45 (12.5cos(1.5t) + 14 + ¢€) 02 4)
== *

no'tree(t) B 3 -
e ~N(@0,35),t=1,..m,

where the numerator represents the number of seeds per tree, and the denominator represents
the number of seeds per cache and 0.2 represents the proportion of cones that are not predated by
red squirrels or other predators prior to dispersal.

Generic Model

The simplest version of our model is semi-deterministic model and incorporates demographic
stochasticity in recruitment but does not incorporate fire. Its general form is described as follows:
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We incorporated demographic stochasticity, variation in demographic rates resulting from
chance events (Lande et al. 2003), by randomly selecting vital rates (survival and transition

probabilities) from probability distributions derived from existing demographic data (Tomback et

Parameter

Seedling survival

Sapling survival

Mature tree survival

Persistence in soil
seed bank

SEEDI germination

SEED?2 germination

SD survival and
transition to SD1

Residence time SD1

Residence time SAP

Residence time MA

No. cones per tree

Fire return interval

Symbol

SSD1

SS4P

SMA

ISEEDI
SEED2

ISEEDI-SD

ISEED2-SD

tsD-sD1

Rspi

Rsap

R4

Ctree

F

Distribution

Beta

Constant

Constant

Beta

Beta

Beta

Beta

Constant

Constant

Constant

NA

Gamma

Parameters

Alpha=12.53
Beta = 0.403

0.8

0.99

Alpha = 195.86
Beta=506.27

Alpha = 255.36
Beta =480.14

Alpha =193.43
Beta = 536.68

Alpha =108.61
Beta=112.50

29

20

12.5cos(1.5t) + 14 + ¢,

e ~N(03.5),

t=1,..500
Shape = 3.44
Rate = 0.015

Table 1: Parameters used in defining the structure of the model, the symbol
used to describe the parameter in each equation, their distributional Gecurred two or more years pI‘iOI‘
assumptions, and the values used to generate each parameter at each time step.

al. 2001, Pansing et al. 2017,
Tomback et al. in prep, Pansing et
al. in prep). We used method of
moments to convert means and
variances of empirically derived
survival and transition probabilities
to parameters describing a beta
distribution (a, ). The beta
distribution is a continuous
probability distribution whose
domain is defined on the interval
[0, 1]. This conversion was
required because survival and
transition probabilities lie on this
interval [0,1], whereas drawing
from normal or binomial
distributions could produce
impossible values for survival and
transition probabilities. During
each time step, vital rates were
drawn from their respective
distributions to create a survival
and transition matrix. Parameters
and their distributional
assumptions are shown in Table 1.

Incorporating fire and
decreasing fire return intervals

We treated fire as a Markovian
process with three distinct states:
1) fire occurred in the current time
step (t = t); 2) the most recent fire
occurred in the previous year (t =
t — 1); or, 3) the most recent fire

)



(t <t — 2). The temporal distribution of time between fires is modeled as a gamma distribution,
which is well suited to describe variables constrained to positive values and are generally used to
describe waiting time between events of interest (Bolker 2008). Gamma parameters were
estimated using method of moments, converting the mean and standard deviation of documented
fire return intervals in Greater Yellowstone whitebark pine forests (Larson et al. 2009). We
assumed that fires were stand-replacing (i.e., no trees in the affected subpopulation survive), and
no new recruitment occurred during the fire year because these fires are usually not fully
extinguished until first snowfall, and conditions are no longer suitable for germination (Romme
1982). New recruitment in the following years (until individuals in the affected subpopulation
reach reproductive maturity) was assumed to be the result of dispersal from nearby populations
not included in the model. Fire years were determined prior to each projection iteration by
selecting years from the gamma distribution of fire intervals.

When the population is in state 1 (i.e., the current year is a fire year), the following
survivorship and transition matrix is used:

NSEED1,t+1 0O 0 00 0 O NSEED1E (6)
NSEED2,t+1 0 0 00 0 O NSEED2,t
Nsp,t+1 0 000 OO Nest
Nsp1,t+1 “1lo o 0 0 0O Nsp,t
Nsap,t+1 0O 0 00O 0 O Nsap,t
Nymat+1 0O 0 00 0 O Nmae
indicating that all trees are dead, and no recruitment occurs.
When the system is in state 2, the following matrix is used:
NSEED1,t+1 0 0 0 0 O 50xf(t)\ /Mseep1t (7)
NSEED2,t+1 0 0 0 0O 0 NsEED2,t
Nspt+1 0 00 0O 0 Nest
Nsp1,t+1 "o o 0 0 o0 0 Nsp,t
Nsap,t+1 0 0 0 0 O 0 Nsap,t
Nyat+1 0 0 0 0 O 0 Nyat

indicating that recruitment can only occur as a result of seed dispersal from outside
populations. We assume that the cone production function in the nearby population operates the
same as that of our target population and that the caches resulting from 50 trees are input into the
population, where the number of trees providing seeds to the system was back calculated using
the number of individuals that germinated in a given year, the germination and cache pilferage
rates reported by Pansing et al. (2017), and the average number of seeds per cache and seeds per
cone (Tomback 1982). In state 3, the matrix presented in equation 5 is used.

Projecting population size forward in time

After incorporating fire and climate effects on recruitment (see sections below), we projected
whitebark pine populations forward in time, using population size at time ¢ to project population
size at time ¢+ 1. We projected populations sizes out 500 years and conducted 10,000 iterations of
the simulation to obtain uncertainty estimates. For each iteration, we tracked annual population
sizes for each life stage. Total annual population sizes were calculated excluding seed stages, as
most population assessments of plants do not include seed counts. We then convert the
population size to density (no./m?).

After completing 10,000 iterations, we calculated the proportion of iterations for which
the population size decreased to zero and stayed at zero for the remainder of the projection time
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(i.e., population extinction occurred). We then calculated the stochastic population growth rate
(stochastic lambda), and stochastic elasticity using Tuljapurkar’s approximation (Caswell 2001).

Results and Discussion

We projected population sizes forward 10,000 times. The average maximum population
density across all iterations was 2.03e+85 whitebark pine trees/m?, with a maximum of 6.79¢+89
trees/ m? (Figure 2). We estimated a stochastic lambda of 1.12, or a growth rate of, on average,
12% per year. These results indicate that the proposed model structure is insufficient to capture
realistic population dynamics occurring in whitebark pine populations in the GYE, as average
densities of whitebark pine in the GYE have been estimated to be 0.00375 trees/m? (Tomback et
al., in prep).

3e+90-
Iteration
1 =—18 =35
2 =—19 =36
3 =20 =37
4 =—21——38
5 =22 =39
6 =23 = 40
7 =24 =41
2e+90- 8 = 25— 42
9 =26~ 43
10 == 27 = 44
11 =28 =45
12 == 29 = 46
13 == 30 — 47
— 14 == 31 = 48

Density (no./mz)

— 15— 32 = 49

1e+90- — 16 — 33 — 50

—17 = 34

0e+00-
0 100 200 300 400 500
Time in years
Figure 2: Density (no. trees/m?) at each time step for 50 of 10,000 iterations. Densities were projected out 500 years. Each
color represents a different iteration of the model. The sharp decline of density to zero represents a fire event.

Of the 10,000 model iterations, populations experienced permanent extinction 7.26% of
the time (95% CI: 6.76, 7.79), suggesting that population extinctions would be quite rare even in
as fire return intervals decrease, if 3¢90 trees/m” were a reasonable prediction of future
population densities. However, these results cannot be used because of model limitations, which
we plan to overcome (see below).

Science delivery activities

We have submitted an abstract to present an advanced version of this model at the ESA 2018
conference in New Orleans, LA. The work will additionally be submitted for publication once
the model structure has been modified and results better reflect observed densities of whitebark
pine populations (see the section entitled “Incorporating density dependent effects” for plans to
modify the model). Additionally, the model itself will be distributed to the Joint Fire Sciences
Program for distribution to land managers who have estimated demographic rates for whitebark
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pine and would like to use the model to understand the potential effects of decreased fire return
intervals on their specific management units.

Conclusions, Implications for Management and Future Research

At this juncture, we hesitate to provide management recommendations until the model
structure can be further refined to produce densities in line with those reported in the literature.
Because answering the questions we posed is an important step towards prioritizing management
actions as fire regimes shift in response to climate change, we are working to refine the structure
of our model to ensure that it better reflects observed population dynamics. Once we obtain
results from our improved model, we will report the findings, management recommendations,
and model itself to the Joint Fire Sciences Program.

Incorporating density dependent effects

Once we determined that the model structure we proposed did not result in realistic
population dynamics, we have moved forward to incorporate density-dependent effects to
regulate seed dispersal, germination, and seedling survival.

We have successfully incorporated both the effects of increased shading and canopy
closure on germination rates, as well as increasing the effects of increased cone production on
nutcracker caching (see Field et al. 2012, Figure 1, Egs. 22-30). The incorporation of these two
density dependent effects has substantially altered the behavior of the model (Figure 3), reducing
the average density to 1.32e-4 trees/m? and the maximum density to 1.54e-4 trees/m?.

0.00015- r\
Iteration
—1 —18=—35
—2 w—19 = 36
w—3 w—20 == 37
0.00010- | o
€ — w—22 w39
NE — =23 = 40
; — 24— 41
5 l — w25 = 42
2 — w26 = 43
% —10 =27 = 44
g —1] w— 28 w45
D —12 =29 = 46
— 13— 30 = 47
0.00005- ::::;;:::
w16 === 33 == 50
| —17—3
\ \
p \
!‘\u‘y«n !.'.\‘t
,"'4,_:, v ""J. AR 3
| '/b"i II’W
A R
0.00000- Wk 4| | LW

0 100 200 300 400 500
Years

Figure 3: Whitebark pine density (no. trees/m2) over time for 50 model runs after incorporating the effects of canopy
closure on germination, and of cone production on the proportion of seeds cached by nutcrackers. Each vertical line
where density drops to zero represents a fire event.

Other density dependent effects that will be incorporated include varying the proportion of
cones that are predated prior to dispersal (i.e., as cone production increases, the relative
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proportion of cones removed by seed predators decreases; McKinney and Tomback 2007) and
varying the proportion of caches eaten by small mammals following dispersal in response to
changing rodent abundance following fire (e.g., Fisher and Wilkinson 2005, Zwolak et al. 2010).

The empirical data we collected have been immensely useful for calibrating this projection
model. Our goal is first to obtain a realistic demographic projection model that includes natural
processes that lead to density-dependent effects. After incorporating these changes, we will
revisit the effects of decreasing fire return intervals and devise management recommendations.
We intend to share this information with the JESP in the form of a draft manuscript as a follow
up report.
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